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SECTION 1

INTRODUCTION

The performance of a space based radar (SBR) is highly

dependent upon the characteristics of the propagation channel through

the ionosphere, since even small fluctuations in received power can

result in degradation. Spatial irregularities in the electron

density in the ionosphere can produce rapid random fluctuations in

the amplitude, phase, and angle-of-arrival of propagating

electromagnetic waves. These fluctuations, called scintillation,

have been observed in VHF and UHF satellite communication links

operating through the ambient ionosphere (Pope and Fritz, 1971;

Skinner et al., 1971; Taur, 1976; Fremouw et al, 1978). Strong

scintillation has occasionally been observed at frequencies as high

as L-Band. To increase survivability the effects of signal

fluctuations due to propagation through disturbed ionospheric

channels si.juld be considered in the initial stages of SBR design.

In a highly disturbed propagation environment, the

scintillation in the amplitude of a signal may be described by

Rayleigh amplitude statistics. Such conditions are likely to apply

after high altitude nuclear explosions (Arendt and Soicher, 1964;

King and Fleming, 1980), or after chemical releases (Davis et al.,

1974; Wolcott et al., 1978). Increased electron densities and

irregularities in ionization structure can lead to intense Rayleigh

signal scintillation at frequencies as high as the 7-8 GHz SHF band

(Knepp, 1977). An SBR using UHF to SHF, with the potential to

operate in highly disturbed environments, must be designed with the

1 "=fe
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effects of scintillation in mind.

Earlier work (Knepp and Dana, 1982, 1983), investigated

the performance of a space based radar operating in an environment

characterized by a severely disturbed propagation channel. It was

shown that strong scintillation causes severe degradation in

detection performance. In particular, systems relying upon coherent

integration of many pulses are susceptible to fast fading, which can

dramatically reduce SBR detection performance.

In this report an inverse measure of scintillation

severity is used, namely the signal decorrelation time, To. Large

values of To correspond to slow fading conditions, while small values

of T o indicate fast fading. Under fast fading conditions, the signal

decorrelation time is small with respect to the coherent processing

time so that the coherent integration process experiences a loss

relative to its performance under slow fading conditions. This loss

is caused by the destructive addition of successive radar pulses

which are uncorrelated in amplitude and phase. The average received

power at the output of the integrator is then reduced. Figure 1

shows the coherent integration loss, which is the ratio of the power

out of the integrator with no fading to the power out of the

integrator with fading.

As the signal decorrelation time decreases, the relative

power output of the integrator decreases. If a scan, consisting of

relatively large number of pulses (on the order of 100-500), is

divided into dwells or bursts, over which the coherent integration

takes place, the coherent integration loss will be reduced. By

noncoherently adding the power from each dwell, the signal output per

• c.
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scan is expected to be improved over the output of a scan which has

not been subdivided into dwells.

The purpose of work reported here is to determine the

trade-offs involved in a scheme which adaptively varies the number of

coherent integration processes (dwells) within a scan. It will be

shown that some improvement in performance is available if such a

scheme is adopted, but that some increased complexity in the design

of a space based radar is required.

.4..

4. 64 PULSES/DWELL

_32 PULSES/DWELL

.1~ ~1b PULSES/DWELL

-

00.0 .Z 0.50 0.715 1.00 ,

Figure 1. Effect of finite number of pulses per dwell on
coherent integration loss.
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SECTION 2

RECEIVED SIGNAL STATISTICS

In this report it is assumed that a space based radar

must operate in an environment where the one-way signal propagation

channel is so disturbed that the channel output signal is described i

with Rayleigh amplitude statistics. That is, a transmitted signal

with constant amplitude will be received with dmplitude fluctuations

with first order statistics corresponding to a Rayleigh probability

density function. Rayleigh statistics are worst case statistics, in

the sense that no matter how much worse the disturbance becomes, the

received signal does not deviate from the worst case Rayleigh

probability distribution. This is true for the propagation of

electromagnetic signals over a wide frequency range in many different

kinds of random media including laser propagation in turbulent air

(Fante, 1975; Goodman, 1976), VHF propagation through the ionosphere

(Fremouw et al, 1978), and through striations composed of barium ions ..

(Marshall, 1978). For propagation channels disturbed by high

altitude nuclear bursts, Rayleigh statistics describe the signal

fading characteristics (Wittwer, 1980).

RECEIVED SIGNAL FIRST-ORDER STATISTICS

Any actual received radar signal power, Sr, may be

expressed as

4
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Sr = SO[C/<C>]S (1)

where So is the mean power returned by a point target and S is the

fractional change in the power due to the the propagation channel.

The effect of a fluctuating target cross section, C, is also

included, normalized to the mean target cross section, <C>. The mean

signal level is contained within the factor So, so that <S> may be

set to unity. In this formulation, received signal fluctuations are

due both to the fluctuations in target cross section and to

fluctuations caused by the disturbed propagation channel.

P

TARGET STATISTICS

In this report the statistics which describe fluctuations

in target cross section are assumed to be those applying to a

Swerling type 2 target. That is, the target cross section varies ."

independently from dwell to dwell, but is constant for all the pulses

comprising the coherent dwell. The radar cross section, C, obeys an

exponential probability distribution

p(C) = (1/<C>)exp(-C/<C>) (2)

where <C> is the mean cross section. Equation 2 fully describes the

first order statistics of the target cross section. To complete the

description of the first order statistics of the received power, the

specification of the first order fluctuations due to the disturbed

propagation channel are required.

5.
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PROPAGATION CHANNEL STATISTICS

For monostatic SBR operation, the transmitted and received

signals traverse the same path, so that the irregularities in the

intervening medium are identical for both. In this case, the

received voltage is proportional to the square of the voltage for

one-way propagation. The received power is similarly proportional to

the square of the received power after one-way propagation. The

two-way or monostatic probability distribution for received power is

then given by (Knepp and Dana, 1983)

p (S) 1 e x p {-41S-9 (3)

where <S> is the mean received power.

The combined effect of fluctuations in the propagation

channel and target cross section is obtained by multiplying the two

probability density functions. The resulting function can then be

used to obtain the cumulative probability function, which provides a

means of assessing the probability of occurence of deep fades, which

are detrimental to radar performance. The cumulative distribution

for the received power, Sr , in the monstatic case is given by

Pm(Sr) 1 - 7 exp{-u-2S /(U 2So)}du (4)
m r r

where S is the received power and S. is the mean received power.
.r

Figure 2 shows the cumulative probability functions for the

combined Swerling 2 target and monostatic radar propagation channel.

For comparison, the figure also shows the cumulative probability

. .. ;-.
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distributions for three other cases. The curve marked "no fading"

applies to the Swerling 2 target with a constant (non-fluctuating)

propagation channel. The curve marked "one-way fading" applies to

the bistatic radar case where one of the one-way propagation paths is

undisturbed. The remaining curve, marked "bistatic radar" applies to 4

the case of a bistatic radar where both one-way propagation channels

exhibit Rayleigh fluctuations. The distinction between monostatic

and the bistatic curves is that, in the monostatic case, the.,

electromagnetic wave propagates through the same irregularities on

each of the two one-way propagation paths. In the bistatic radar

case, the two one-way paths are independent, giving the statistics

shown in the figure.

SWERLING 2 TARGET

0

* V.

BISTA TI RADAR

MONOSrArIC RADAR

ONE-WAY FADING

0.01 0.1 1.0 t0. 40. 60. I10. "M .I )I.PROBABILITY [POW /<POW1R> 9 x] 3 ",.
V V.

Figure 2. Cumulative probability distribution function of
the received power for a Swerling 2 target and
different propagation geometries.

7
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The Swerling 2 target, with no fading, shows a probability

of 10- for cross-section levels 40 dB or more below the mean value,

while a monostatic radar system has a probability of two percent for

the same level of fading. It has been shown (Knepp and Dana, 1982,

1983) that such fading causes degradation of SBR target detection

performance.

4 The fading conditions described so far have assumed the

worst case situation, where Rayleigh statistics characterize the

one-way propagation channel. Other first-order or amplitude

statistics may be used to characterize the received signal in less

severely disturbed environments. However Rayleigh first-order

amplitude statistics are generally associated with large spatial

regions in a nuclear environment, And thus provide a useful design

basis for SBR signal specification.

RECEIVED SIGNAL SECOND-ORDER STATISTICS

The second-order fading statistics are specified by the

correlation function of the received complex voltage. For the case

of one-way propagation of an initially constant signal through a

severely disturbed ionospheric channel, the autocorrelation function

of the received voltage is given as the two-position, two-frequency

mutual coherence function (Knepp, 1983). For cases where the"%

scintillation is not so severe as to cause time-delay jitter in the

received waveform (i.e. pulse distortion), the single-frequency, w

two-position mutual coherence function is the correlation function of

the signal. The effective velocity of the line-of-sight of the radar

signal through the ionospheric irregularities can be utilized to .,

convert the spatial coordinates of the mutual coherence function into

~ .1

8
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temporal coordinates, thereby obtaining the correlation function of

signal fluctuations due to ionospheric irregularities. This

procedure is described by Knepp (1983).

SIGNAL DECORRELATION TI_.

For worst case Rayleigh fading, the correlation function of

the received complex voltage E(t) always has the Gaussian form

(Knepp, 1983)

<E(t)E*(t+T)> = <E(t)E*(t)> exp(-TI//o2)  (5)

where T o is the decorrelation time (the fading rate is l/To) for

fluctuations over the two-way propagation path from the transmitter

to target and back. The actual value of To is a function of radar

geometry and of the irregularity structure and intensity of the

disturbed ionospheric channel. Large values of To correspond to slow

fading conditions and small values to fast fading.

As a concrete example, consider the case of a radar and

target separated by a layer of ionization as might occur in the case

of a space based radar observing a target near the ground. For a K-'

in-situ power spectrum of three-dimensional ionization irregularities

between outer scale L, and inner scale Ii , the decorrelation time is

(Knepp, 1983)

=2 Lo/ln(Lo/li)ocVL  (6)

where T, is the decorrelation time for fluctuations over a one-way

path and where

I9
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V L = the velocity of the line-of-sight through the center

of the ionized layer

2= 2(r eA))2LoLAN e2 rad 2

A = RF wavelength

re = classical electron radius (2.82X10-'Sm)

L = thickness of the ionized layer
ANe 2 = variance of electron density irregularities.

For the monostatic SBR propagation geometry, the

decorrelation time of the received signal is related to the

decorrelation time for each of the one-way propagation channels

according to the relationship

To : 1114 (7)

where T 1 is the decorrelation time of the one-way propagtion path.

In the work reported here it is assumed that T, is large

with respect to the duration of the transmitted pulse. The received

signal is then coherent during the pulse duration, which is typically

of the order of several tens of microseconds.

10
. . . .
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SECTION 3

RADAR SYSTEM CHARACTERISTICS

Since a space based radar must operate with relatively low

transmitter power, and with targets at very long ranges, the received

signal power-to-noise ratio (SNR) per pulse will be lower than that

of a comparable ground based system. If, in addition, the SBR must

operate in a disturbed ionospheric environment, where the signal
propagation channel is subject to strong scintillation, greater

demands are made on the radar system design.

A low signal-to-noise ratio implies the need for long

coherent integration times, but target motion causes constructive and

destructive interference from many scattering centers, resulting in

rapid changes in the target cross section. To compensate, the total

energy in a scan is partitioned into a number of dwells (also

referred to as bursts) consisting of a number of coherent pulses

which are coherently integrated upon reception. If the radar1."

frequency is also varied sufficiently from dwell to dwell, target

cross section samples will be independent, and a form of protection

from jamming is provided. The detected amplitudes of all the dwells

which comprise a scan are then noncoherently combined in a

postdetection integration process. The resulting signal is then

compared to a threshold level (which varies with the number of dwellsper scan), to determine if a target has been detected during the

scan. 'P

. o
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Figure 3. Block diagram of SIR receiver.

Figure 3 shows a simplified block diagram of a generic SBR .

*receiver. The complex signal input contains amplitude, phase and

* doppler information from target, clutter and thermal noise sources.

I An appropriately weighted discrete Fourier transform (DFT) algorithm

can serve both as a clutter rejection filter, and to coherently
integrate the pulses in a dwell. The input to the filter can be

represented by a complex valued voltage. In figure 3, the in-phase

and quadrature components are denoted by i and q, respectively. The

output from the filter is also a complex voltage, with components u ..

"A 2

and v. These components are coherently added, to form the amplitude "''
w. After squaring and normalization, the output is placed in an i

I accumulator, where the noncoherent integration takes place. Once all
the dwells in a scan are received, the resulting amplitude is

icompared to a threshold an aa "hit" or "miss" declared based upon the

results of that comparison. These results are then collected in the

form of probability of detection as fut on of the signal-to-noise

atio, the number of dwells per scan, and the scintillation

environment.

12
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SECTION 4

PROBABILITY OF DETECTION

The major concern in this report is to determine the amount

of improvement in target detection performance that would result if

the SBR had knowledge of the fading rate and were able to adjust the

coherent integration time. Given knowledge of the fading rate, it is

assumed here that the radar processing strategy would consist in

simply changing the number of dwells per scan while maintaining a

constant total power on a target. The time duration of the coherent

dwell (coherent integration time) would be chosen to be on the order

of or greater than the signal decorrelation time in order to avoid

the coherent integration loss shown in Figure 1. Although a

reduction in the coherent integration time will certainly affect

other as'ects of radar performance (e.g. Doppler resolution, unless

the pulse repetition frequency is changed), these issues are the

topic of another effort.

In this report, SBR target detection performance is

obtained by utilizing the MRC SBRSIM computer simulation of a space

based radar.

This simulation can be operated in one of its simplest

modes to repetitively collect received pulses from a Swerling 2 radar

target and to combine them into a preselected number of dwells and scans

as discussed in the following.

In order to assess the improvement in detection-

13

,- ,-



performance, the simulation results for radar detection performance

during scintillation are to be compared to the detection performance

in an undisturbed propagation environment. For the case of an

undisturbed propagation environment, the probability of detection may

be obtained as follows.

UNDISTURBED PROPAGATION ENVIRONMENT

Under undisturbed propagation conditions, the output

amplitude, z, of the noncoherent integration shown in Figure 3 has as

its probability density function the expression

I."

{z ZSexp{-z/[n ( 1+<SNR>)]}p(z) n0 (8)
no(1+<SNR>)r(m)

where

;2= noise power per pulse in each complex component channel

n = the number of coherently integrated pulses

m = the number of dwells per scan

r(m) = (m-l)! the Gamma function

<SNR> = mean signal-to-noise ratio per dwell

The probability of detection is dependent upon the value f.

set for the detection threshold, against which z is compared. The

threshold value is, in turn, dependent upon the desired probability

of false alarm. For this report the probability of false alarm, Pfa.

is set to I06, a typical value. The probability of false alarm is

expressed as

14
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Pfa = 7 p(z)dz = r[m,T/(no2 )]/r(m) (9)

where r(m,x) is the incomplete gamma function, and n is the number of

coherently integrated pulses. Equation 9 may be numerically inverted

to find T.

Once the threshold, T, has been obtained, the probability

of detection is computed from

P p(z)dz (10)

which is the probability that an received amplitude z of signal plus

noise exceeds the detection threshold. The probability of detection

may be evaluated and expressed as

Pd = rlm,T/[no2 (l+<SNR> )] }/r (m) (I

d N

Equation 11 expresses the probability of detection of a Swerling 2

target as a function of the signal-to-noise ratio per dwell and of

the number of dwells per scan. The probability of detection is not a

function of the number of pulses per dwell as long as the received

signal remains constant from pulse-to-pulse. Since this result forms

the reference for SBR detection performance, it is depicted

graphically in many of the following figures.

15
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SLOW AND FAST FADING

It is useful to make a distinction between slow and fast

fading that is an invaluable aid in understanding the effects of

scintillation on SBR performance.

Slow fading conditions may be defined as occurring when the

duration of signal fluctuations is very long compared to the coherent

integration (or dwell) time. Equivalently, we say that the signal

decorrelation time is much greater than the dwell time. In this

case, the signal amplitude and phase are relatively constant over the

dwell time, so that only dwell-to-dwell or scan-to-scan signal

amplitude fluctuations affect SBR target detection performance.

Examination of Equation 7 shows that, with T representing the dwell

time, and T. the signal decorrelation time, the correlation function

is near unity. This indicates that first order amplitude statistics

are sufficient to determine the effect of slow fading on target

detection performance.

Fast fading occurs when the duration of signal fluctuations

is very short compared to the coherent integration (or dwell) time.

We then say that the signal decorrelation time is less than the dwell -.

time. In fast fading, many of the pulses that comprise the coherent

dwell are independent. Knepp and Dana (1982) use the central limit

theorem to argue that the received voltage components have .""

independent probability distributions which may be approximated by

the normal distribution. ,
'C.

Under slow fading conditions it is often possible to obtain

16
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analytic expressions for the probability of detection (Knepp and I.'

Dana, 1982, 1983). However under severe fast fading conditions it is

often more convenient to measure radar detection performance with the

aid of simulations.

,..' 0.
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SECTION 5

RESULTS

Previous work at Mission Research Corporation (Knepp and

Dana, 1982, 1983) has indicated that there is a possibility for

increased radar detection performance if some of the coherent

integration loss sustained under fast fading conditions can be

avoided by reduction of the coherent integration time. In these

results, this hypothesis is investigated over a range of fading rates

and values of the number of dwells per scan. It is desirable to

obtain results that will apply to a generic SBR system; because of

this constraint and of the large variation in the degree of

disturbance in a nuclear environment, it is useful to consider a wide (.'p,

range of fading rates in this work. The results presented here add

to our understanding of the effects of scintillation on radar

detection performance and thereby give the design engineer useful

* additional information.

SBRSIN

To obtain results for the probability of detection, the

space based radar simulation program (SBRSIM) is used. A Swerling 2
target is utilized, and pulse trains (or dwells) are transmitted

through a strongly disturbed ionized environment and then received

and processed in the simulation. To simplify the calculation,

perfect Doppler tracking is assumed and no clutter rejection

18
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filtering is applied. The receiver design used in this simulation is

shown in Figure 3. Here a number of coherent dwells are transmitted,
each at a different radar frequency to insure that Swerling 2 target
statistics apply, and to assure that the propagation environment is

decorrelated between dwells. Upon reception, the pulses which

comprise each dwell are integrated using a discrete Fourier transform

that additionally provides for target Doppler discrimination. In

this particular calculation, the target Doppler is known and no
t.

sidelobe suppression is required because the calculation is performed

in the absence of clutter. The amplitude in the target range cell is
then summed (noncoherently) over all the dwells which comprise a

scan. This amplitude is then compared to a threshold (based on the

noise power) and a hit or a miss is declared. The probability of

detection is obtained simply by dividing the number of hits by the

total number of scans.

To represent the fluctuating propagation channel caused by

a nuclear detonation, a numerical technique known as statistical ft

signal generation (Knepp and Wittwer, 1984) is used to generate

realizations of the impulse response of the disturbed propagation

channel. These signal realizations are then used by the SBRSIM code

to provide the samples of the received signal for each pulse that

includes the effects of scintillation. Statistical signal generation

is only applicable to signal propagation through strongly ionized

turbulence where the one-way signal amplitude statistics are

Rayleigh.

To obtain the generic SBR detection probability results

presented here, five values of the ratio ro/TSCAN were used. These

values were U.03, 0.1, 0.2, 0.5, and 1.0. For each of these values

19



of To/TSCAN, the probability of detection was obtained for five

values of the number of dwells per scan, namely 1, 2, 4, 8, and 16.

For a constant value of o/TscAN, then, the effect of varying the

number of dwells per scan is to increase the value of the ratio of

the signal decorrelation time to the coherent integration time

-ro/TcI at each value of To/TSCAN. Therefore, from Figure 1 the

coherent integration loss per dwell would decrease from what it

might be otherwise. This range of values represents a wide range in . 4

the underlying values of the signal decorrelation time and should

be useful for many applications involving pulse Doppler SBRs.

In general, the result of the coherent integration of a

finite number of pulses is dependent upon the number of pulses. The

coherent integration loss (as shown in Figure 1), is also dependent

upon the number of pulses integrated. However for a large number of

* pulses per dwell, the coherent integration loss is independent of the

-* number of pulses comprising the dwell. The generality of the

results to be presented would be suspect unless special precautions

were taken to remove the dependence upon the number of pulses

* per dwell. Generality is assured in the work here by increasing

the number of pulses per dwell in accordance with the value of

* the actual decorrelation time. In many of the simulations, 128

pulses per scan are used, but for fast fading conditions and

large numbers of dwells per scan, it is required that 512 pulses

per scan be used to insure that the probability of detection

remains independent of the number of pulses per dwell.

The need to use b12 pulses per scan to determine the

'" coherent integration loss under fast fading conditions is also indicated

by examination of Figure 1. In the figure, coherent integration loss is

20
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shown as a function of the ratio of signal decorrelation time to

coherent integration time. The curve is plotted for several values

of the number of pulses that comprise the coherent dwell. The curve

plotted for 16 pulses in a dwell flattens out at about 12 dB for
short decorrelation times. Similarly, the curve for 32 pulses in a.."

dwell flattens out at about 15 dB, but does so at even smaller

decorrelation times. This flattening of the curve is the direct

result of the use of a discrete number of pulses in a dwell. These

flat areas must be avoided in this calculation in order to avoid the

effect of a discrete number of pulses per dwell and to render the

results more universal and, hopefully, more useful.

For example, from the figure, if the ratio of signal

decorrelation time to coherent integration time is 0.04 or less, the

use of only 16 pulses in a dwell would lead to a coherent integration

loss of 12 dB, whereas if many pulses were used, the actual value
would be larger. For a value of To/TCI of 0.03, 32 pulses per dwell
would give adequate results. Whenever there are 16 dwells per scan,

512 pulses are required in a scan period, giving 32 pulses per dwell

for this case. It is noted that the actual number of pulses per

dwell used in a modern pulse Doppler radar is several hundred or more.

However to obtain the results here that are independent of the number

of pulses per dwell it is sufficient to use the reduced number as

determined above.

-.4.

Figures 4 through 8 show the major results of this study in

the form of plots of the probability of detection for a Swerling 2

target as a function of the mean signal-to-noise ratio (SNR) per scan

for each of the five different numbers of dwells per scan. In all

cases, the probability of a false alarm is 10-6 as obtained through

.1*°
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the use of Equation 9.

Each figure contains two sets of five curves. The first

set of five curves applies to the case of a Swerling 2 target with no

fading, and always lies on the left hand side of the figures at the

lower values of the SNR. Five curves are shown for the five values

of the number of dwells per scan, 1, 2, 4, 8, and 16. This first set

of curves is identical in each of the five figures, and is provided

to serve as a reference for the results pertaining to severe

scintillation.

The other set of five curves in each of the figures was

obtained for the case of severe fading for the same five values of

* the number of dwells per scan, that is 1, 2, 4, 8, and 16. In each

of the five figures the ratio To/TscAN takes on a different value.

The ratio TO/TscAN has the values 0.03, 0.1, 0.2, 0.5, and 1.0 in

Figures 4-8, respectively. These figures present a wide range of

fading rates for a space based radar. In Figure 4 where the results

for the fastest fading are presented for a value of TO/TscAN of 0.03,

it can be seen that the two sets of five curves fall far apart,

indicating a large loss in detection performance in fast fading, even

after an increase in the number of dwells per scan. However it is

apparent from Figure 4 that an increase in the number of dwells per

scan gives improved performance. In Figure 8, for the slowest fading

considered here where TO/TSCAN is equal to 1.0, it is seen that an

increase in the number of dwells per scan can greatly improve the

radar detection performance. The measured probabilities of detection

in Figures 4-13 have an average error of 0.05, associated with the-

finite number of measurements. %

.. % *1,
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Figure 4. Probability of detection vs mean signal-to-noise
ratio as a function of the number of dwells per
scan, rO/TSCAN = 0.03.
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Figure 5. Probability of detection vs mean signal-to-noiseratio as a function of the number of dwells perscan, ro/TScAN - 0.1.
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Figure 6. Probability of detection vs mean signal-to-noise

ratio as a function of the number of dwells per
scan, TO/TSCAN 0.2.
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Figure 1. Probability of detection vs mean signal-to-noise
ratio as a function of the number of dwells per
scan, io/TscAN = 0.5.
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ratio as a function of the number of dwells per

sca, ./SCAN 1.0.

1.0 SITERLWN' 2 TART

S0.9

30: 0.7'T: 0

0.5

4 0.41 .

'S..

'q0 5 10 15 20 253 0 5 5

SN.('S.C"
Old.

Figue 9.Probability of detection vs mean signal-to-noise
pri sa function of T./TSCAN for 1 dwell

25r

S. .01~ 

.



I
1.0 SVZAPLJN' 2 TARGET

0 .9 _  2 DISUS/SCAN

NO FADING, r,. 0.7

.0.5 - rI WI - .0 '

0.4 - = 0.5
0 = 0. 2

0 0.3

0 0.2 - T =T. - 0.03

a. 5 1 0 13 20 25 30 35 40 45 50 *ratio SN (dB/SCAN) 35 4 45 5

Figure 10. Probability of detection vs mean signal-to-noise
ratio as a function of TO/TSCAN for 2 dwells
per scan.
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Figure 11. Probability of detection vs mean signal-to-noise

ratio as a function of To/TsCAN for 4 dwells

I.per scan.
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Figure 12. Probability of detection vs mean signal-to-noise
ratio as a function of r./TSCAN for 8 dwells
per scan.

*oSPIRLLVG 2 TARGET

30.9
k 0.7

0.16

0.5 - IT=, 1. 0

rIT, 0.2
0.= 0.

0.2 A -/-,=00

0.1

0.001 15 0 .
0 5 10 1 0 25 30 35 40 45 50

SAW (dB/SCAN)

Figure 13. Probability of detection vs mean signal-to-noisejratio as a function of TO/I SCAN for 16 dwells
per scan.
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Figures 9-13 present the same results, but in a different
format where each figure depicts the probability of detection for a

fixed value of the number of dwells per scan. One value of this

format is that it gives the radar designer measurements of the

performance of a system with a fixed number of dwells per scan as a

function of the fading rate or To. The appropriate curve for an

undisturbed propagation environment is also shown in each figure.

It is immediately obvious that, if the fading rate

increases (T, decreases), the SNR required to obtain a given

probability of detection increases. By varying the number of dwells

per scan, the SBR designer can offset this somewhat. That is, by an

appropriate choice of the number of dwells per scan, the SNR required

to achieve a given probability of detection can be minimized.

THE OPTIMAL NUMBER OF DWELLS PER SCAN

One method to determine the optimum number of dwells per

scan is described in Knepp and Dana (1983). The optimum number of

dwells per scan may be determined by finding that detection curve

which, for probabilities of detection above 0.5, minimizes the

difference between the SNR required to achieve a given probability of

detection, and the minimum SNR required to achieve that same

probability of detection. For an undisturbed propagation

environment, the optimum number of dwells per scan is four. In part,

this choice is predicated on another criterion, which requires that

the detection performance degrade gracefully until the probability ..

of detection falls below the minimum value required to maintain a

radar track. This minimum value is assumed to be 0.5 in this work.
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Essentially, this is a requirement on the sensitivity of the

probability of detection to changes in the signal-to-noise ratio.

This same criterion for choosing the optimum number of dwells per

scan may be used for design purposes in a fading environment.

It is clear from an examination of the figures that the SNR

minimization process described above does not necessarily result in

the choice of a detection curve that gives the smallest decrease in

probability of detection with decreasing signal-to-noise ratio.

Although we do not take this effect into account in choosing the

optimal number of dwells per scan, an SBR designer with specific

design requirements may have a need to do so.

In order to choose the optimal detection curve for each of

the five values of To/TSCAN the following graphical procedure was

adopted. For each value of To/TSCAN in each of the five figures
SCAN.

numbered from 4-8, values of probability of detection of 0.5, 0.6,
0.7, 0.8, and 0.9 were examined. Then for each of the five different

values of number of dwells per scan, the difference (in decibels) in

SNR between the individual curves and the best curve was determined.

These differences are presented in Tables 1-5 for each of the five

values of to/TSCAN, respectively. Only values of 4, 8 and 16 dwells

per scan are presented here since these curves were always superior

to those corresponding to l and 2 dwells per scan. The table then

consists of values of the deviation of the SNR from the optimum value

measured at five different values of the probability of detection.

The optimum number of dwells per scan is chosen for which the mean U
deviation (averaged in decibels over the five values of probability

of detection shown in the table) from the best value is least.

Tables I through 5 show the deviations for the five values of
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as well as their mean. An asterisk at the end of a lineo~TO/scAN, •

corresponding to a fixed number of dwells per scan in Table 1-5 shows

the value of the number of dwells per scan that is chosen as optimum. &
Note that in Table 1, for To/TSCAN equal to 0.03, the difference in

the means was not great enough to warrant choosing between 4, 8 or 16

dwells per scan.

Table 6 summarizes the results for the optimum number of

dwells per scan at each of the values of TO/TscAN and probability of

- detection. The overall optimum choice for the number of dwells per

scan based on the average SNR deviation from optimum at each

probability of detection is also included as the final column in

Table 6. It is evident from Table 6 that minimization of SNR

requirements during fading requires dynamic variation of the number

of dwells per scan.

Note that the rule for the choice of the best number of -

dwells per scan was made for probabilities of detection between 0.5

and 0.9. Another choice of probabilities of detection might yield i

somewhat different results. Also, weighting the choices of .

probability of detection might result in a different set of choices.

4-..;
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Table 1. Difference of SNR (dB) measured versus the
minimum SNR at that probability of detection for 4, 8,

and 16 dwells per scan when To/TSCAN = 0.03.

Dwells Probability of Detection

Per Scan 0.5 0.6 0.7 0.8 0.9 mean

4 0.0 0.0 0.0 0.4 1.6 0.4 *

8 1.0 0.7 0.2 0.1 0.0 0.4 *

16 1.0 0.5 0.0 0.0 0.0 0.3 *

Table 2. Difference of SNR (dB) measured versus the
minimum SNR at that probability of detection for 4, 8,
and 16 dwells per scan when TO/TSCAN = 0.1.

Dwells Probability of Detection
Per Scan 0.5 0.6 0.7 0.8 0.9 mean

4 0.5 1.0 1.1 1.4 1.7 1 .1

8 0.0 0.0 0.0 0.0 0.0 0.0*

16 1.1 1.0 0.8 0.7 0.2 0.8

Table 3. Difference of SNR (dB) measured versus the
minimum SNR at that probability of detection for 4, 8,
and 16 dwells per scan when to/TSCAN = 0.2.

Dwells Probability of Detection

Per Scan 0.5 0.6 0.7 0.8 0.9 mean

4 0.0 0.0 0.5 1 .1 2.3 0.8

8 0.2 0.0 0.0 0.0 0.4 0.1 *

16 1.1 0.7 0.4 0.2 0.0 0.5 1
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Table 4. Difference of SINK (dB) measured versus the
minimum SNR at that probability of detection for 4, 8,
and 16 dwells per scan when TO/TSCAN 0 05.

Dwells Probability of Detection

Per Scan 0.5 0.6 0.7 0.8 0.9 mean

4 0.2 0.5 1.4 2.7 4.1 1.8

8 0.0 0.0 0.3 0.9 1.6 0.6

16 10.2 0.0 0.0 0.0 0.0 0.04 *1

Table 5. Difference of SNR (dB) measured versus the
minimum SNR at that probability of detection for 4, 8,
and 16 dwells per scan when T./TSA = 1.0.

Dwells Probability of Detection

Per Scan 0.5 0.6 0.7 0.8 0.9 mean

4 1.3 2.3 3.2 5.5 5.8 3.6

8 0.4 1.2 1.3 1.5 1.7 1.2

16 0.0 0.0 0.0 0.0 0.0 0.0*
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Table 6. The number of dwells per scan which give the
minimum SNR.

Probability of Detection
r/SCAN 0.5 0.6 0.7 0.8 0.9 Best choice

0.03 4 4 4/16 16 8/16 4/8/16

0.1 8 8 8 8 8 8

0.2 4 4/8 8 8 8 8

0.5 8 8/16 16 16 16 16

1.0 16 16 16 16 16 16t6

Table 7. Improvement in SNR (dB) between the minimum
SNR at a given probability of detection and the SNR for
4 dwellIs per scan.

O/T Probability of Detection
T/SCAN 0.5 0.6 0.7 0.8 0.9

0.03 0.0 0.0 0.0 0.4 1.6

0.1 0.5 1.0 1 .1 1.4 1.7

0.2 0.0 0.0 0.5 1.1 2.3

0.5 0.2 0.5 1.4 2.7 4.1

1.0 1.3 2.3 3.3 5.5 5.8 5.*
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Recall that the optimum number of dwells per scan in an

ambient, unperturbed propagation environment was found to be 4 (Knepp

and Dana, 1983). For that reason, it is useful to measure any

performance increases (decreases in SNR) relative to the SNR that

would be required if the dwells per scan were held constant at 4.

Table 7 summarizes this information. The results in this table can

be obtained from Tables 1-5 by comparing the values for 8 and 16

dwells per scan with those for 4 dwells per scan. In most table

entries, the SNR required at 4 dwells per scan is greater than that

required using the optimum choice which is usually 8 or 16 dwells per

scan. If the SNR required at 4 dwells per scan is smaller than that

required for the optimum choice, then a zero is entered in the table.

In Figure 14, the "improvement factor" of Table 7, measured

in dB, is plotted as a function of the ratio of signal decorrelation

time to scan time, for 3 different values of probability of

detection. The data for these curves was obtained by visual

examination of Figures 4-8, and is not exact. The presence of the

bump at 0.1 on the abscissa is probably due to a combination of

measurement error, and the fact that the curves in Figures 4-8 tend

to intersect at different points in each figure.

It is apparent from Figure 14 that it is possible to obtain

an improvement in the detection performance of the system by varying

the number of dwells per scan. This increase in performance can be

as much as 6 dB, for probabilities of detection of P',nut 0.9. At a

more modest probability of detection of 0.7, an increase in

performance of nearly 3 dB is attainable.
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Figure 14. Improvement factor vs 'r./TSCAN for 3 values of
probability of detection.
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Figure 15. Cumulative probability distribution of output
power for various r./TSA and numbers of dwells
per scan.
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THE INFLUENCE OF STATISTICS

It is useful to examine the shape of the curves in Figures

4-8, and consequently of Figure 14 in order to understand the reasons

for the improvements obtained. It is evident from this study that

increasing the number of dwells per scan is more effective in slow

fading than in fast fading. The differences in the shape of the

detection curves for different numbers of dwells per scan at slow

fading seem to indicate that the probability distributions change

with the number of dwells per scan. To check this hypothesis, the

SBRSIM simulation was temporarily modified to yield the probability

distributions of the received signal power. Figure 15 shows some of

the results, in the form of cumulative probability distribution

functions.

Figure 15 shows the cumulative probability distributions of

the power at the output of the noncoherent integrator. The abscissa

shows the value of the received signal power divided by the mean "5

power. To obtain these results for the cumulative power

distributions of the signal alone, the simulation was utilized in a

zero noise condition. Two values of ro/TScAN are shown in the

figure, 0.03 and 1.0 respectively. These represent the slowest and

fastest fading rates considered in this study. For each of these

values of ro/TscAN, the number of dwells per scan are taken as 1, 4

and 16. The two curves labeled 2 and 3 in the figure for a value of

TO/TscAN of 0.03 are seen to fall close together, indicating that

there is very little change in the statistics at the output of the

noncoherent integrator for this value of TO/TSCAN for values of 4 to

16 dwells per scan. This result is simply a verification of results

presented previously that show little change in probability of
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detection as the number of dwells is increased. The other three

curves labeled 4, 5 and 6 for slow fading conditions where To/TSCAN

is 1.0 show a change toward a probability distribution with less

variation as the number of dwells per scan is increased. A

horizontal line on this figure at an abscissa value of unity would

indicate a constant signal, and variation in the signal is

seen as cumulative distribution curves with larger slopes.

An interesting feature in this figure is that the curve

representing 16 dwells per scan at slow fading (to/TscAN = 1.0) is

nearly the same as the curve for 4 dwells per scan at fast fading

(ro/TSCAN = 0.03). This implies that under fast fading conditions,

the noncoherent summation of the power from many dwells does not

affect the output signal statistics much. This is evident because of

the similarity of curves 2 and 3 in Figure 15. Thus in fast fading

conditions, since the output power variation is small, a decrease in

the signal threshold may be effective in yielding increased detection

performance, of course with a greater false alarm probability. In

slow fading, the noncoherent integration of the power from multiple

dwells improves detection performance because it reduces the

variability of the output power. By an analogy with laser speckle

processes (Goodman, 1976), we may say that increasing the number of

independent samples decreases the contrast, allowing the desired

signal to be perceived more easily.
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SECTION 6

CONCLUSIONS

A space based radar system may be confronted with operating

environments in which the signal propagation paths are severely

disturbed, resulting in rapid scintillation of the received signal

and diminished radar detection and tracking performance. Part of the

ongoing mitigation effort to design a system that can optimize

performance in such an environment has focussed on the use of

. noncoherent integration of multiple coherent dwells in a scan. This

. report investigates the possiblity that if knowledge of the fading

rate were available, a space based radar could improve target

detection performance by utilizing an adaptive processing strategy.

Previous work (Knepp and Dana, 1983) indicated that there

is a possibility of deriving some gain in target detection

performance by changing the number of coherent dwells in a scan under

severe fading conditions. This report has investigated this ._;

hypothesis and has quantified the conditions under which such a gain

is possible and has presented calculations for the gain.

The original hypothesis has been confirmed, and the *. -

following results discovered. By dynamically changing the number of

dwells per scan as a function of the fading environment, it is

possible to reduce the required SNR to achieve a probability of

detection of 0.9 by as much as 6 dB, during slow fading. During fast -'

fading, gains are more modest, especially during fast fading where

the signal decorrelation time is less than about one-tenth of the
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scan time, when gains are generally less than 1 dB.

Note that this report has considered only the effect on

radar detection performance of specific changes in radar design.

Therefore other important radar design issues that would be affected

by design changes investigated here have been ignored. Before an SBR

design is completed these other issues must be addressed. For
example, this work has not considered the possible decrease in ",

clutter rejection performance and Doppler resolution that would occur

if the coherent integration time or dwell duration were to be

reduced. The mitigation techniques investigated here require further

investigation in the context of a complete SBR system.
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